Ferromagnetic resonance and X-ray specular reflectivity measurements were performed on Ni 81 Fe 19 /Ir 20 Mn 80 / Co 90 Fe 10 exchange bias trilayers, which were grown using the pulsed-DC magnetron sputtering technique on Si(100)/SiO 2 (1000 nm) substrates, to investigate the evolution of the interface roughness and exchange bias and their dependence on the NiFe layer thickness. The interface roughness values of the samples decrease with increasing NiFe thickness. The in-plane ferromagnetic resonance measurements indicate that the exchange bias field and the peak-to-peak line widths of the resonance curves are inversely proportional to the NiFe thickness. Furthermore, both the exchange bias field and the interface roughness show almost the same dependence on the NiFe layer thickness. The out-of plane angular dependent measurements indicate that the exchange bias arises predominantly from a variation of exchange anisotropy due to changes in interfacial structure. The correlation between the exchange bias and the interface roughness is discussed.
Introduction
The exchange bias (EB) interaction between ferromagnetic (F) and antiferromagnetic (AF) layers [1] has attracted a lot of attention because of its importance in fundamental research and spintronic applications [2] [3] [4] [5] . The underlying mechanism and the role of the interface/ bulk structure have been investigated in a variety of EB systems [4] [5] [6] [7] [8] [9] [10] [11] [12] with different deposition techniques and F/AF materials. However, due to the wide variety of materials and deposition techniques used, the dependence of the EB field (H ex ) on the roughness is still controversial. For several systems, the H ex seems to be relatively insensitive to the roughness value [7, 11] , while in others the H ex varies in direct proportion to the roughness [9, 10] or indicates an opposite variation [8] . Research has also shown that the relationship between the H ex and the roughness value is totally different for differently prepared samples [12] .
Investigations in our previous study, using a static magnetic characterization technique (superconductiong quantum interference device, SQUID), show no clear evidence for contributions from the interfacial structure and these results gave rise to the conclusion that a detailed study of the interface structure (i.e. interface roughness) is necessary to be able to discuss the influence of interface roughness on the exchange coupling properties [6] . In comparison to static magnetic measurement techniques, such as the vibration sample magnetometer (VSM) and SQUID, ferromagnetic resonance (FMR) is more sensitive to intrinsic properties down to a monolayer [13, 14] and, as such, represents a powerful tool for the determination of magnetic anisotropy of an F layer and/or an exchange coupled F/AF EB system [15] . Furthermore, the X-ray reflectivity (XRR) is a non-destructive and suitable metrology technique to precisely determine the thickness, surface and interface roughness of both transparent, metallic thin films and multilayers [16] [17] [18] . In the present study, we performed FMR and XRR studies in order to study the correlation between the exchange bias field and interface roughness. 
Experimental
The investigated Ta(5 nm)/Ni 81 Fe 19 (t nm)/Ir 20 Mn 80 (10 nm) /Co 90 Fe 10 (2 nm)/Ta(5 nm) (t = 2-10 nm) exchange bias systems were grown on Si/SiO 2 (1000 nm) substrates using the pulsed DC magnetron sputtering technique with an Ar gas pressure of 2 mTorr at room temperature. The base pressure prior to the deposition was of the order of 2 × 10 −9 Torr. A pulsed DC power source (Advanced Energy, Pinnacle Plus+) was used to control the current (~10 -11 mA) and the voltage (~350 V) supplied to the target materials (99.95% Kurt J. Lesker). The pulse was operated at a frequency of 50 kHz and had a width of 5 µs for all layers. The substrate to source angle was 68° (measured from the surface normal of the substrate) with substrate rotation of 60 rpm. An in situ, in-plane magnetic field of 0.5 kOe was applied during the growth. The socalled unidirectional post-annealing was performed after deposition at 200 o C for 1 hour without breaking the vacuum (≤ 5 × 10 −7 Torr) and then the samples were fieldcooled to room temperature in the same magnetic field as applied during the deposition. Each set of specimens was grown during the same vacuum cycle. The thicknesses of the layers were determined using the XRR technique. The ex-situ XRR measurements were carried out using a Bruker 4-circle diffractometer equipped with a Cu sealed tube point source and a Göbel Mirror optic to generate a 2D-collimated parallel beam (divergence ca. 0.03°, a lateral length 18 mm and wavelength λ = 0.15406 nm). The experimental specular XRR data was analyzed using commercial Diffrac Plus LEPTOS software. Using a genetic algorithm, the best-fit simulations to the experimental data were carried out for the EB structures by automatically adjusting the following parameters: layer thicknesses, root mean square roughness values and mass densities. Since the diffuse scattering contribution is negligible (2 cps compared to measured incident intensity of 1.5 × 10 7 cps), it was not subtracted from the measured specular reflectivity.
X-Ray Diffraction (XRD) and Rocking Curve (RC) measurements were carried out in order to investigate the evolution of the grain size and texture. The RC patterns were collected by fixing the 2Θ angle to the IrMn(111) diffraction peaks, which were measured by XRD Θ-2Θ scans. The full width at half maximum (FWHM) of the RCs gives information about the alignment of the grains in the IrMn(111) film plane. The FWHM is reduced when the alignment (i.e. texture) improves.
The field derivative FMR absorption spectra were recorded using a Bruker EMX type Electron Paramagnetic Resonance (EPR) spectrometer in the X-band frequency (9.5~9.8 GHz) at room temperature. The NiFe thickness dependence of the EPR spectra was investigated for both in-plane and out-of-plane geometries. In the in-plane geometry, a DC external magnetic field was applied to the surface of the films, and in the out-of-plane geometry the external magnetic field was continuously rotated in the y/z out of plane direction given by the angle θ H , which is measured with respect to the z-axis.
Results and Discussion
In order to study the evolution of the individual functional film thicknesses and the interface roughness values with the thickness variation of the NiFe layer, a detailed XRR study was performed for all samples. Fig. 1 shows the experimental XRR data and their corresponding bestfit curves. The individual thickness and roughness values obtained from the best-fit simulations to the experimental data are summarized in Table 1 (the error factor amounts %2.5). The fit results indicate that all samples show growth of a top tantalum oxide (~2.5 nm thick) at the expense of the metallic Ta capping layer, as would be expected for a highly reactive metal after post-heat treatment. The thickness values of the individual layers in the EB samples are consistent with the deposition values including the interface roughness and the error factor. As can be seen in Table 1 , for low NiFe thicknesses, the interface roughness values are relatively high, especially at the NiFe/IrMn interface, these values decrease with increasing NiFe layer thickness. In the XRR spectrum of the multilayer with a NiFe thickness equal to 10 nm (Fig. 1), the differences between the measured and calculated spectrum, especially in the central part of the spectrum, can be explained as follows: Due to the low CoFe layer thickness (< 2 nm), the layer parameters as the layer thickness and, especially, interface roughness and density influence the main part of the spectrum and cannot be well estimated. The layer thickness and roughness of the top Ta-Oxide, Ta, IrMn and NiFe layers can be well estimated, however; the parameters of the bottom Ta layer are not easily found. This is attributable to the reducing resolution with increasing absorption in the sample when the NiFe thickness is equal to 10 nm. The specular total reflection of this sample is reduced (~1.5 × 10 7 cps) in comparison to the remaining multilayers with lower NiFe thicknesses (~7 × 10 6 cps) indicating an enhancement of the absorption and consequently a reduction of the resolution, especially for low layer thicknesses.
In order to clarify, the effect of the grain size and texture, XRD and RC measurements were carried out (not given here). The average grain size of the AF IrMn layer was calculated from the FWHM of the IrMn(111) peak by using Scherrer's equation. Figure 2 shows the grain size in the IrMn layer and the FWHM of the RCs and their dependence on the thickness of the NiFe layer. As can be seen in Fig. 2 , the FWHM values and the average grain size in the IrMn layer do not vary within the error factor, which reveal that the <111> out-of plane texture and grain size are not affected significantly by the thickness of the NiFe layer. Accordingly, the observed roughness effects in the investigated samples can be isolated from the grain size and the texture.
In order to determine the evolution of H ex 's dependence on the NiFe layer thickness, FMR measurements were carried out. The advantage of angular dependent FMR measurements compared with VSM is, in addition to dc magnetization, magnetic anisotropy parameters, any g value and exchange parameter can be determined. Furthermore, FMR is very sensitive; it sense of internal field and its accuracy does not depend on the amount of the sample Table 1 . Individual layer thicknesses t (nm) and interface roughness σ (nm) values of the samples obtained from the best fits to the experimental XRR data.
NiFe thickness
2 nm 4 nm 6 nm 8 nm 10 nm Fe 10 trilayer system with in-plane geometry for the external field parallel (0) and antiparallel (π) to the exchange anisotropy direction for different NiFe layer thicknesses, which were obtained from the XRR study ( Fig. 1 and Table 1 ). The resonance spectra arise from the NiFe layers (see text). The resonance curves are vertically shifted for clarity. Figure 3 shows the FMR spectra of the samples for different NiFe layer thicknesses for the in-plane geometry with the external field parallel (0) and antiparallel (π) to the exchange anisotropy direction. The observed resonance modes arise from the NiFe layers. The 1.4 nm thick NiFe layer does not give a resonance signal. Similarly, no resonance mode was observed for the CoFe layer in any of the samples. The XRR results indicate that the thickness of the CoFe layers ranges from 1.65 nm to 1.75 nm (see Table 1 ). As can be seen in Fig. 3 , a low thickness accompanied by a high interface roughness causes line broadening in the FMR spectra of the 3.36 nm thick NiFe layer. Accordingly, the non-existent resonance modes of the NiFe (1.4 nm) and CoFe (1.65~1.75 nm) layers can be attributed to their low layer thicknesses and high roughness at the NiFe/IrMn and IrMn/CoFe) interfaces (see Table 1 ). These results clearly show that ferromagnetic NiFe and CoFe layers with thicknesses below 2 nm and high interface roughness cannot be saturated by the EPR spectrometer at X-band frequencies (9.5-9.8 GHz) at room temperature. Nevertheless, the measured resonance modes shown in Fig. 3 and the results of the XRR study (Table 1 ) allow a clear discussion on the correlation between exchange bias and the roughness at the NiFe/IrMn interface. With the in-plane geometry of the applied field, when the external field (H r ) is applied along the direction of H ex , the effective field in each NiFe layer varies from H r (0) + H ex , when H r and H ex have the same direction, to H r (π) − H ex , when they have opposite directions. The difference [H r (π) − H r (0)] = 2H ex therefore gives the FMR measure of H ex [19, 20] . In Fig. 4 , the H ex values (filled triangles in Fig. 4 ) and the line widths of the FMR spectra, in both parallel and antiparallel directions (open and filled squares), are shown as a function of the inverse NiFe thickness (1/t NiFe ). H ex decreases with increasing NiFe thickness and indicates the well-known 1/t NiFe linear dependence. In addition, the FMR resonance line widths alter with rising NiFe film thickness and indicate almost the same linear variation with 1/t NiFe (see Fig. 4 ). This linear correlation between the line width and the 1/t NiFe values has also been reported in NiFe/FeMn based EB systems [21] and is attributed to the interfacial nature of the exchange coupling; however, any correlation with the interface structure (i.e. interface roughness) has not been investigated. In addition to the H ex values, the unidirectional anisotropy energy constant (J k ) was calculated, J k = M s t F H ex , where t F and M s are the F layer thickness and saturation magnetization, respectively. M s values were determined from the NiFe thickness dependence of the effective magnetization (4πM eff ) according to the Formula M eff = M s -(2K/M s t F ), where K is the anisotropy constant. The 4πM eff values were obtained by fitting the out-ofplane angular dependence of the FMR resonance field (details are given in the following part). Figure 5(a), (b) shows the evolution of H ex , J k and the roughness at the NiFe/IrMn interface and their dependence on the NiFe layer thickness. The H ex , J k and interface roughness values decrease with increasing NiFe layer thickness and indicate almost the same tendencies. In other words, the H ex and J k values increase with increasing roughness of the interface. This result reveals the existence of a clear correlation between the H ex , J k and roughness at the NiFe/ IrMn interface in the investigated samples and the importance of the interface structure.
Additional information can be gained by the out of plane angular dependent FMR measurements. The external magnetic field can be continuously rotated in the y/z out of plane direction given by the angle θ H with respect to zaxis. In the investigated samples, for all angles θ H of the external magnetic field, only one resonance signal was observed to arise from the NiFe layer (see Fig. 6 ). This result is in agreement with the results of the in-plane resonance measurements and indicates that the NiFe layer possesses an in-plane easy axis of magnetization. The resonance field (H R ) and the effective magnetization (4πM eff ) can be obtained by fitting the out-of-plane angular dependence of the H R , specifically we using the well-known relationship given below:
Here, ω is the microwave angular frequency and γ = ge/ 2m the gyromagnetic ratio. The measured and calculated curves are shown in Fig. 6 . H R and 4πM eff values were obtained from theoretical fits to the out of plane angular dependent FMR resonance spectra using eq. (1) (see Fig. 6 ). The evolution of the H R and 4πM eff values are shown in Fig. 7 as a function of the NiFe layer thickness. The H R enhances rapidly from 3.36 nm up to a NiFe thickness of 5.32 nm and then remains almost constant. This rapid increase of the H R at low thicknesses can be attributed to changes in the interfacial structure, since the XRR results indicate a significant change in the roughness values at the NiFe/IrMn interface (Table 1 and Fig.  5(a), (b) ). In contrast to this, the 4πM eff values increase with increasing NiFe thickness and reach the well-known value of the bulk NiFe (~9600 G) for a NiFe thickness of 7.44 nm. The 4πM eff value for the NiFe thickness of 10.70 nm is higher than that of the bulk NiFe. A larger 4πM eff was also reported in NiFe/FeMn EB systems [20] , this was attributed to the fact that the uniaxial anisotropy of the exchange-biased NiFe layer is influenced by the unidirectional anisotropy of the AF FeMn layer and, consequently, the effective magnetization of the F NiFe layer is enhanced. Furthermore, the g-factors were calculated according to g = (hν/μ B H R ). The variation of the g-factors with the thickness of the NiFe layer, shown in the inset picture of Fig. 7 , indicates an opposite variation to the H R values in Fig. 7 . The g-factors in the present study are consistent with other published values [22] . As a general result of the FMR and XRR studies, it can be concluded that the evolution of the H ex and J k at the NiFe/IrMn interface is predominantly affected by interface roughness induced interfacial effects. Fig. 7 . H R and 4πM eff values as a function of the NiFe thickness, which were obtained from the theoretical fits to the out of plane angular dependent FMR resonance spectra using eq.
(1) (see Fig. 6 ). The inset picture shows the variation of the gfactor with NiFe thickness. All lines are guide for the eye. 
Conclusions
The evolution of the interface roughness and the exchange bias was investigated using X-ray reflectivity and ferromagnetic resonance techniques in the NiFe/IrMn/ CoFe system. The X-ray reflectivity measurements reveal that the NiFe layer thicknesses vary between 1.4 nm and 10.7 nm. The FMR results indicate that the ferromagnetic NiFe and CoFe layers with thicknesses below 2 nm and high interface roughness cannot be saturated by the EPR spectrometer at X-band frequencies (9.5~9.8 GHz) at room temperature. Both the exchange bias field and the line widths of the FMR spectra, which were measured for NiFe thicknesses beyond 2 nm, decrease with increasing NiFe layer thickness and indicate the well-known 1/t NiFe linear dependence. The exchange bias field, the anisotropy energy constant and the roughness at the NiFe/IrMn interface indicate almost the same NiFe layer thickness dependence, which reveals the influence of the interfacial structure. The influence of the interface roughness is also supported by the out of plane angular dependent resonance measurements, which indicate the interfacial nature of the exchange coupling between NiFe/IrMn layers. By considering the NiFe layer thickness induced variation of the exchange bias field, the anisotropy energy constant and the roughness at the NiFe/IrMn interface, it can be concluded that the exchange bias is significantly affected by NiFe/IrMn interface roughness induced interfacial effects in the investigated samples deposited using the pulsed DC magnetron sputtering technique.
